The fatigue of asphalt mixes constitutes one of the main types of distress of pavement structures. In laboratory, different procedures and testing equipments were implemented to describe the fatigue properties of asphalt mixes. Among them, the repeated indirect tensile test is used to determine the fatigue properties of asphalt mixes and also, their resilient modulus. Generally, fatigue tests are conducted using one of the two basic types of loading: controlled-strain or controlled-stress. Both loading modes produce fatigue prediction models relating the initial response (tensile strain or stress) of asphalt mixture to the fatigue life. In recent years, the application of more fundamental approaches has been suggested. One of these approaches is based on the principles of the Fracture Mechanics. The most popular relationship used in fracture mechanics is the Paris´ law. This paper presents an application of the Repeated Indirect Tensile Test to determine the fundamental parameters governing the crack propagation process in asphalt mixtures. The basic adopted hypotheses, the used data reduction techniques and the results obtained for an asphalt mixture considered as an example are presented, discussed and compared with other cited in the analysed literature.
Introduction
The knowledge on the fatigue cracking properties of asphalt mixes is very important for road engineers and transport agencies in order to predict accurately the remaining life of the pavement, the time and type of the rehabilitations and to develop more resistant materials. In the laboratory, different procedures and testing equipments are used to describe the fatigue properties of asphalt mixes. Among them, the repeated indirect tensile test (RITT) is used to determine the fatigue properties of asphalt mixes and also, their resilient modulus because is a relative simple test procedure to implement and to perform. In laboratory fatigue tests one of the two basic types of loading is used: controlled-strain or controlled-stress. Both loading modes produce fatigue prediction models relating the initial response (tensile strain or stress) of an asphalt mixture to the fatigue life. Only the initial stress or strain conditions are considered in the determination of the fatigue life and the influence of the crack growth on the occurring stresses and strains is not taken into account. In recent years, the application of more fundamental approaches has been suggested. One of these approaches is based on the principles of the fracture mechanics assuming that there are inherent macroscopic pre-cracks (flaws) in the material and, as a result of the repeated fatigue loading, these pre-cracks coalesce, densify, grow and propagate to form macro cracks. This paper presents an application of the Repeated Indirect Tensile Test to determine the fundamental parameters governing the crack propagation process in asphalt mixtures.
Fracture Mechanics Applied To Bituminous Materials
The most popular relationship between rate of crack growth and the state of stress within a cracked body is the power law developed by Paris et al. (1963) in the form:
where: c : Crack length N : Number of applied loads K : Stress intensity factor A, n : Materials parameters of fracture Erkens et al. (1997) have presented a discussion about the applicability of the Paris´ law to determine the fatigue characteristics of asphalt mixes. Other applications were reported by Majidzadeh et al. (1971) and Read and Collop (1997) . Roque et al. (1999) have determined fracture parameters of asphalt mixes using the Superpave Indirect Tensile Test but the specimens were notched by a hole drilled in the centre of the samples. Being the Indirect Tensile Test a relative simple test procedure to implement and to perform, the required specimen preparation introduces a difficulty that must be avoided.
Scope and Objectives
This paper deals with the determination of Paris´ law parameters A and n representing the resistance to crack propagation of asphalt mixtures using the results obtained by the RITT. The main objectives of this study are:
To develop the theoretical framework required for the application of the Paris´ law.
To formulate the data analysis procedures. To apply these formulations to an asphalt mixture determining the Paris´ law parameters To compare the obtained results with other cited in the analysed literature
Theoretical Framework and Basic Hypotheses
It was considered that the Paris´ law is an empirical relationship describing the crack propagation process in asphalt mixtures as a function of the stress state in the vicinity of the crack tip. Based on this assumption, the following hypotheses have been adopted. Linear Elasticity: The asphalt mixture behaves as a homogeneous isotropic linear elastic body. This hypothesis is approximately applicable for asphalt mixtures tested at low temperatures (less than 20 C) and under short loading times. Plane Stress Conditions: Stresses and strains are calculated assuming plane stress conditions. For the RITT geometrical configuration, relatively thin specimens like thin discs are considered.
Linear Elastic Fracture Mechanics:
It is assumed that the transition from cracked to virgin material occurs in a degeneration zone ("plastic zone") in front of the crack tip smaller than the crack itself while the remainder material remote from the crack behaves as a homogeneous isotropic linear elastic body. The theory of elasticity can be used to calculate the stress field over the whole specimen.
Mode I fracture mode: The crack propagates according with the Opening Mode or Mode I, normal to the direction of maximum tensile stress. For the RITT, the crack propagates along the vertical diameter where the tensile stresses are highly uniform and the shear stresses are equal to zero due to the symmetrical configuration of the RITT.
Crack Length Measurement
Cracks are difficult to see and to measure directly in asphalt mixtures. Foils glued or painted on asphalt mixes are not applicable because it may be difficult to match the properties of these systems with the stiffness of the asphalt mixture. Also, the Crack Opening Displacement (COD) procedures are not applicable on asphalt mixes tested by the RITT because the samples are not notched. Then, the crack length was estimated using a theoretical approach based on the compliance of the material assuming that the material becomes more compliant as the crack length increases.
A relationship between crack length and resilient deformation based on the results obtained by means of the Finite Element Method (FEM) has been developed. The test configuration was modelled as shown in Figure 1 . Given the symmetrical nature of the RITT problem, only one quarter of the specimen was modelled. (2) and (3), and taking the derivative, the following equation was obtained: 
Determination of the Stress Intensity Factor
For the calculations of the stress intensity factor K, a subroutine provided with the FEM computer program was used, based on the strain energy release rate procedure. The energy made available for the crack extension is a result of the work from displacements of external loading forces and then, the procedure is valid for all stress configurations developing straight-ahead crack extensions (Tada et 
with: P : Total load applied over the 19 mm wide loading strips t : Thickness of the specimen
Materials and Testing Procedures
One asphalt mixture was tested in this study. The main volumetric characteristics of this mix are listed in Table 1 . The aggregate gradation is listed in Table 2 . Samples were compacted using a Superpave gyratory compactor to produce 150-mm diameter specimens. Gyratory compacted specimens were sliced with a circular diamond saw to obtain test specimens approximately 25 mm thick. All tests were performed at 5 C. Gage points were glued to the specimen and LVDTs were attached to these gage points. All fracture tests were conducted by applying repeated loads consisting of a 0.1 second haversine load followed by a 0.4 second rest period. A Poisson's ratio equal to 0.25 was assumed for all tests following a relationship between Poisson's ratio and mix temperature developed by Mirza et al. (1999) . The loads and deformations were measured by a data acquisition system. The initial resilient deformation 0 was selected as the resilient deformation at the 10 th cycle in order to consider possible accommodations between the specimen and the loading strips. Twelve specimens were tested. The applied stress levels were selected to produce the failure of the specimens between 10 2 and 10 6 cycles.
Experimental Results
The rate of increase of the crack length (dc/dN) decreases during the first part of the test, until 30 percent of the fatigue life approximately. In this early part of the test, many pre-cracks (flaws) compete to densify and to growth forming only one single macro crack after several loading cycles. Assuming that the crack growth process consists of two phases, the crack initiation and the crack propagation, Paris´ law is only applicable for the crack propagation phase. Then, the results obtained during the first part of the test can be attributed to the crack initiation phase and were ignored. Figure 2 shows the composite results of all tests performed on the asphalt mix. There is a unique relationship between the crack propagation rate dc/dN and the stress intensity factor K for samples tested at high stress levels or low stress levels.
The obtained results were compared with other cited in the literature for different asphalt mixtures tested by different procedures and temperatures. These results are listed in Table 3 . The values of A and n obtained in this study compare well. The magnitude of the parameter n agrees well with the values reported by Roque et al. obtained with the same experimental procedure (RITT). However, the values of A obtained in this investigation are slightly higher. This is consistent with the fact that tests were performed at 10 C in the investigation developed by Roque and fracture resistance is expected to be lower as temperature decreases and the mixtures becomes more brittle. 
Conclusions and final remarks
The Repeated Indirect Tensile Test is a relative simple test procedure to implement and to perform for the determination of laboratory fatigue results of asphalt mixtures. The theoretical framework and the relationships developed allow the determination of the fracture parameters from the measurements currently acquired during the fatigue tests (number of cycles, load and resilient deformations) without any special preparation of the specimens. The system provides an approach for determining fracture characteristics of asphalt mixtures with specimens produced in the laboratory or field cores obtained from in service pavements.
